The frequency-following response with origin in the auditory brainstem represents the pitch contour of voice and can be recorded with electrodes from the scalp. MEG studies also revealed a cortical contribution to the high gamma oscillations at the fundamental frequency (f 0 ) of a vowel stimulus. Therefore, studying the cortical component of the frequency-following response could provide insights into how pitch information is encoded at the cortical level. Comparing how aging affects the different responses may help to uncover the neural mechanisms underlying speech understanding deficits in older age. We simultaneously recorded EEG and MEG responses to the syllable /ba/. MEG beamformer analysis localized sources in bilateral auditory cortices and the midbrain. Time-frequency analysis showed a faithful representation of the pitch contour between 106 Hz and 138 Hz in the cortical activity. A cross-correlation revealed a latency of 20 ms. Furthermore, stimulus onsets elicited cortical 40-Hz responses. Both the 40-Hz and the f 0 response amplitudes increased in older age and were larger in the right hemisphere. The effects of aging and laterality of the f 0 response were evident in the MEG only, suggesting that both effects were characteristics of the cortical response. After comparing f 0 and N1 responses in EEG and MEG, we estimated that approximately one-third of the scalp-recorded f 0 response could be cortical in origin. We attributed the significance of the cortical f 0 response to the precise timing of cortical neurons that serve as a time-sensitive code for pitch.
Introduction
The scalp-recorded frequency-following response (FFR) (Aiken and Picton, 2008; Krishnan, 2002; Skoe and Kraus, 2010) , originating from the auditory brainstem (Bidelman, 2018; Chandrasekaran and Kraus, 2010) , follows the rhythm of the pitch in speech (Krishnan and Plack, 2011) and can serve as a robust indicator of speech perception performance (Krishnan and Gandour, 2009 ) as well as musical expertise (Bidelman and Alain, 2015) . The neuroplastic properties of the FFR emphasize its roles in perceptual learning and experience (Krishnan et al., 2005; Krizman et al., 2012; Skoe et al., 2013) . A recent MEG study showed that phase-locked oscillations at the pitch frequency are preserved in the auditory cortex (Coffey et al., 2016) .
The aims of the current study were to confirm cortical contributions to the f 0 response, elicited by a natural speech sound, and to characterize subcortical and cortical components of different functional significance. Therefore, we simultaneously recorded EEG and MEG auditory responses to syllable /ba/ stimuli and compared the response characteristics in both imaging modalities.
Several authors have shown that auditory cortex activity phase-locked to the stimulus in the 100 Hz-300 Hz range with intracranial recordings (Griffiths et al., 2010; Nourski and Howard, 2015) and MEG (Sedley et al., 2012) . However, is less understood how the high frequency cortical input is converted into a neural code that can be utilized by slow firing cortical neurons. A simulation study (Suffczynski et al., 2014) supported the hypothesis that thalamic inputs to the auditory cortex synchronize with fast-spiking inhibitory interneurons, which in turn pace the firing of pyramidal cells at far lower rate but still in phase with the high the frequency input. A similar role of fast spiking interneurons for neural timing had been already established for gamma oscillations in the 40-Hz range (Buz saki and Wang, 2012; Cardin et al., 2009 ). However, it is still debated whether 40-Hz gamma oscillations are functionally distinct from high frequency gamma oscillations above 100 Hz, despite similar generation mechanisms. To contribute to the discussion whether the cortical f 0 response is part of a system of gamma oscillations, we compared the properties of f 0 responses with 40-Hz gamma oscillation elicited by the same stimulus.
We analyzed 40-Hz gamma oscillations and f 0 responses under the assumption that both oscillatory activities are essential for speech processing. Transient gamma responses in the 40-Hz range indicate the temporal segmentation of speech (Giraud and Poeppel, 2012) , while the f 0 response encodes the voice pitch. The complex patterns of speech sound are processed along the auditory pathway (Eggermont, 2001) before language processing takes place in the auditory cortex (Scott and Johnsrude, 2003) . This hierarchical processing schema involving the brainstem and the cortex allows of reliable speech perception even when the acoustical properties are varying. For example, vowel identification is widely invariant to the pitch of the vowel and depends more on the listener's ability to process the ratio of formant frequencies (Hillenbrand et al., 1995) . However, such an ability to tolerate large variations in the pitch does not mean that pitch perception itself is irrelevant for speech understanding. Pitch perception plays an essential role in segregating concurrent voices (De Cheveign e, 1999 ) and helps to segregate concurrent vowels with different fundamental frequencies (Alain et al., 2005; Assmann and Summerfield, 1990) . Pitch and its temporal dynamics provide multiple cues that help identify the speaker's gender, age, emotional state, and even the speaker's body size (Smith and Patterson, 2005) . In tonal languages, different pitch contours convey different meanings of the same word (Yip, 2002) . Native speakers of a tonal language showed superior performance in pitch discrimination and more precise brain responses to pitch changes compared to a control group without tone language experience (Giuliano et al., 2011) . The pitch contour can also facilitate the integration of speech elements, enhance the syntactic predictability, and support sentence understanding, and conversely, flattening the pitch contour reduces intelligibility (Laures and Weismer, 1999; Watson and Schlauch, 2008; Wingfield et al., 1984) . The pitch of voice on the order of 120 Hz for an adult male and 200 Hz for a female voice or an even wider range for sung vowels is determined by the periodicity f 0 of glottal vibration, while the speech sound itself comprises harmonics of f 0 , spectrally filtered around the formant frequencies. For these reasons, it is important to understand the neural underpinnings responsible for encoding and perceiving pitch.
Pitch perception abilities decline with advancing age. For example, the perception of pitch contour changes in Mandarin declined in older adults and was not correlated with the age-related high-frequency hearing thresholds (Wang et al., 2017b) . Also, older people have difficulties identifying emotional prosody in speech (Mitchell and Kingston, 2014) compared to young adults (Dupuis and Pichora-Fuller, 2010) . A reduced temporal resolution in central auditory processing had been suggested as a cause for speech understanding deficits in normal hearing older adults (Frisina and Frisina, 1997) . Consistent with this hypothesis, the vowel pitch related f 0 component of the FFR was smaller in older compared to young listeners (Bidelman et al., 2014) and showed reduced phase-locking (Presacco et al., 2015) . However, no data are available about aging effects on cortical f 0 responses. Understanding the neural mechanisms might shed light on solutions for the difficulty in speech understanding in middle-aged and older adults.
Methods
We analyzed gamma-band activity in simultaneously recorded MEG and EEG in the responses to syllable/ba/stimuli. The low frequency cortical evoked responses from the same data sets, namely the P1-N1-P2 waves, have been previously examined concerning stimulus repetition and learning (Ross et al., 2013) .
Participants
Forty-one normal-hearing, monolingual English speaking, right-handed adults participated in this study. Although age was a continuous variable, the participants formed three groups of young (n ¼ 14, mean age 25.2 yrs, range 19-33 yrs, 7 female), middle-aged (n ¼ 13, mean age 46.8 yrs, range 37-55 yrs, 6 female), and older adults (n ¼ 14, mean age 63.5 yrs, range 56-74, 9 female). Participants had normalhearing bilaterally, defined as audiometric thresholds better than 25 dB in the frequency range between 250 Hz and 4000 Hz, as tested with standard clinical pure-tone audiometry before the MEG recording. Participants provided their written consent after receiving information about the study, which had been approved by the Research Ethics Board at Baycrest Centre for Geriatric Care.
Cognitive test
The participants performed the Cattell Culture Fair Intelligence Test (CFIT). The number of correct answers in the CFIT served as a measure of general cognitive abilities. The CFIT has been used previously to show an association between perceptual abilities and fluid intelligence in aging (Raz et al., 1990) . We used linear regression to test the correlation between age and hearing loss and cognitive ability.
Stimuli
The stimuli were Klatt synthesized syllables /ba/ with the vowel /a/ lasting for 170 ms (Klatt, 1980) . Fig. 1 shows the time courses and a spectrogram of the stimulus. The formant frequencies of f 1 ¼ 700 Hz, f 2 ¼ 1200 Hz, f 3 ¼ 2600 Hz, f 4 ¼ 3300 Hz, and f 5 ¼ 3700 Hz were the acoustic characteristics of a male utterance of the vowel /a/ in American English (Hillenbrand et al., 1995) . The duration of formant transitions was on the order of 50 ms. Bandpass filtering the sound waveform between 90 Hz and 150 Hz revealed the time course of f 0 -oscillations (Fig. 1B ). The f 0 contour decreased linearly from 138 Hz at the beginning of vocalization to 106 Hz at the end. Applying the same bandpass filter to the Hilbert envelope of the sound also resulted in a time course of f 0 -oscillations however, with noticeably larger amplitude ( Fig. 1B ). This amplitude relation is consistent with the finding that pitch perception and cortical responses are more sensitive to high-frequency complex harmonics than the fundamental frequency (Fishman et al., 2000a , Fishman et al., 2000 . The unresolved harmonics contribute predominantly to the EEG recorded f 0 response (Laroche et al., 2013) . The dominance of the spectral envelope to f 0 -oscillations also justifies the term 'envelope-following responses' for the f 0 response rather than 'frequency-following response.' We calculated the cross-correlation between the time course of the sound envelope and the observed brain responses (Krishnan et al., 2004) to estimate the latency of the f 0 response.
Stimulus presentation
The /ba/ stimulus was presented at constant rate of 2175 ms stimulus onset asynchrony under control of STIM software (Compumedics Neuroscan, Charlotte, NC). Two hundred /ba/ stimuli were presented in a block of 7.25 min duration. In two recording session performed on separate days, participants were presented with four blocks of stimuli for a grand total of 1600 stimuli per participant. The sounds were presented binaurally at 85 dB sound-pressure level using ER3A transducers (Etymotic Research Inc., Elk Grove Village, IL) connected to the participant's ears with 1.5 m of plastic tubing and foam ear pieces.
Data acquisition
Simultaneous EEG and MEG recordings were performed in a sound attenuated and magnetically shielded room using a 151-channel wholehead MEG system (CTF-MEG, Port Coquitlam, BC, Canada) at the Rotman Research Institute. The detection coils of the MEG device are equally spaced on the helmet shaped surface and are configured as first-order axial gradiometers (Vrba and Robinson, 2001) . EEG was recorded with a customized MEG compatible electrode cap (Brain Products, Munich, Germany) that comprised 48 Ag/AgCl electrodes at the location of the international 10/20 system with additional refinement at frontal and temporal sites. A reference electrode was placed on the nose and a ground electrode above a collarbone. The EEG amplifier was integrated part of the MEG data acquisition system, which ensured synchronous sampling of MEG and EEG data.
After 200-Hz low-pass filtering of MEG and EEG and 0.1-Hz high-pass filtering of the EEG, the data were sampled at 625 Hz and stored continuously. The sampling rate was originally chosen for studying cortical auditory evoked responses below 30 Hz. Still, the bandwidth of 200 Hz allowed for the reconstruction of the f 0 response ranging between 106 Hz and 138 Hz. The participants watched a closed-captioned movie of their choice, while the auditory stimuli were presented during EEG and MEG recording. They did not have to attend to the stimuli or execute a task but were asked to remain alert. Compliance was verified using video monitoring, and visual inspection of alpha activity in the ongoing MEG signals, as well as eye movements.
Participants were seated comfortably in an upright position with the head resting inside the helmet-shaped MEG sensor array. The head position was registered at the beginning and end of each recording block using the three detection coils attached to the nasion and the preauricular points. The mean of the repeated head coil coordinates defined a Cartesian coordinate system with the origin at the midpoint between the bilateral preauricular points. The posterior-anterior x-axis run from the origin to the nasion, the mediolateral y-axis (positive toward the left ear) was the perpendicular to x in the plane of the three fiducials, and the inferior-superior z-axis was perpendicular to the x-y plane (positive toward the vertex). We repeated a block when the fiducial locations differed more than AE4 mm from the mean, which was necessary for eight out of 234 recorded MEG blocks. This procedure ensured that head movements did not affect the source localization accuracy.
Data analysis
Continuously recorded MEG and EEG data were parsed into epochs of 700 ms duration, including a 200-ms baseline interval relative to the time point of sound onset. A principal component analysis was applied to each epoch, and principal components larger than 2.0 pT in any channel were subtracted from the data. This procedure removed effectively artifacts caused by eye blinks and head movements (Kobayashi and Kuriki, 1999) . Data were averaged and bandpass filtered between 90 Hz and 150 Hz for emphasizing the evoked response following the f 0 time course.
Source domain analysis
Topographic maps of the scalp potential in EEG and the extracranial magnetic field at the MEG sensors showed the typical pattern of dipolar sources in bilateral temporal lobes, suggesting main contributions from auditory cortices and justifying modelling the MEG data with single equivalent-current dipoles in bilateral temporal lobes. The signal-tonoise ratio of the f 0 response in individual participants was not sufficient for reliable source analysis. Therefore a previously reported dipole source model for the N1 response was applied for calculating auditory cortex activity (Ross et al., 2013) . Based on the individual dipole models, a pair of auditory source waveforms was calculated for every single trial. This procedure of source space projection (Ross et al., 2000; Teale et al., 2013; Tesche et al., 1995) combined the 151-channel magnetic field data into two waveforms of cortical source strength.
Time-frequency analysis
Time-frequency analysis of auditory cortex activity was performed using a complex Morlet wavelet with 128 logarithmically spaced centre frequencies between 5 Hz and 160 Hz. The width of the wavelet, determining time and frequency resolutions, was adjusted such that the full width of the Gaussian envelope at half maximum was equal to two periods at 5 Hz and equal to eight periods at 160 Hz. The complex wavelet coefficients were calculated for each time point without further downsampling to preserve the high temporal resolution.
The wavelet approximation was applied to single-trial data. Phasecoherence PC was calculated across n ¼ 200 trials as the mean of normalized complex wavelet coefficients a as PC ¼ <a/|a|> in each experimental block and was successively averaged across repeated blocks and participants. The time course of f 0 responses was reconstructed from real parts of the wavelet coefficients along the vowel contour, which was 138 Hz for t < 20 ms, linearly decreasing from 138 Hz at 20 ms to 106 Hz at 170 ms, and constantly 106 Hz for t > 170 ms. For visualization, data were resampled at 2500 Hz, equal to four times the original sample rate of 625 Hz. This analysis of the response at the f 0 contour resembles a discrete version of a previously described Fourier analyzer for time-varying brain responses (Purcell et al., 2004) .
Beamformer source analysis
A model-free source analysis was performed using synthetic aperture magnetometry (SAM) based on a minimum-variance beamformer algorithm (Van Veen et al., 1997) as implemented in the CTF software package. The participant's head shape and the three fiducial points for the MEG coordinate system were digitized using a 3-d digitizer (Fastrak, Polhemus, Colchester, VT). A MRI template (colin 27, Holmes et al., 1998) was warped to the digitized head shape using the brainstorm matlab toolbox (Tadel et al., 2011) . This procedure also co-registered the coordinate system of the MEG with the template MRI. The head model for the beamformer analysis was created by locally approximating a sphere for each of the 151 MEG sensor coils to the cortex surface of the individual brain model. The solution space for the beamformer analysis was a three-dimensional lattice with 8-mm spacing inside the cortical surface of the template MRI. For each participant, the original grid was morphed into the individual head space. For each participant, waveforms of averaged source activity across all trials for each stimulus type were calculated following the event-related SAM approach (Cheyne et al., 2006) . The ER-SAM procedure accounts for the effect of decreasing sensitivity for deeper sources by normalizing the source activity to an estimate of the sensor noise (Vrba, 2002) . To overcome possible scaling errors due to imperfect normalization, we considered phase-coherence estimates instead of absolute amplitude estimates as the outcome measure of the source analysis. For this analysis, we multiplied the bandpass filtered MEG with the beamformer weights, which resulted in 5200 complex waveforms of source activity. The complex waveforms were normalized by their absolute value, which equals projecting each time point onto the unit circle in the complex space. The resulting time series of the signal phase were averaged across n ¼ 200 repeated trials for each experimental block. The absolute values of the mean of phase provided time series of the phase coherence. Effectively, the method of phase coherence normalized the responses amplitudes across the frequency spectrum and accounted for a possible variation of the sensitivity of beamformer analysis across the brain volume.
For volumetric mapping of the f 0 response, we applied a singularvalue decomposition (SVD) to the matrix of time series of the phase coherence by volume elements and considered the spatial map and the single time series of the first principal component for further analysis. A permutation test (n ¼ 500) provided confidence limits for the spatial map. For this test, the null distribution of the spatial map was estimated by repeatedly permuting the elements of the data matrix along the spatial dimension and performing the SVD. The observed maximum value was used as a lower bound for visualizing the data. Local maxima were identified using the 3dcluster procedure of the AFNI software (Cox, 1996) . Time series of the phase coherence associated with the peaks were selected from the grand averaged phase statistics.
Statistical analysis
The data analysis was performed with in-house developed Matlab functions. We used the regress function form the Matlab statistics toolbox for calculating linear regressions. Repeated measures ANOVA were performed with the ez-anova package in R (R Core Team, 2013). Sphericity of the data was tested with Mauchly's test, and the degree of freedom was corrected using the Greenhouse-Geisser method. However, nominal degrees of freedom were reported.
Presentation of the results
First, we report the audiometric hearing thresholds and cognitive test scores and relate both to the participant's ages to later correlate hearing performance and cognition with the observed brain responses. The EEG and MEG data are first presented in the sensor domain to provide an overview of the recorded brain activity. Bilateral auditory cortex activity was estimated from dipole approximations. The time series of cortical activity and time-frequency analysis of the f 0 response are presented to characterize the oscillatory responses elicited by the vowel portion of the /ba/ stimulus. A model-free source analysis was performed using the MEG beamformer approach and is presented with spatial brain maps of phase coherence at f 0 to demonstrate the cortical contribution to the f 0 response. We are reporting correlations between age, hearing threshold, and cognition for the f 0 response and transient evoked 40-Hz gamma responses to further support discussions about the cortical or sub-cortical origin of the responses. We compare f 0 and 40-Hz responses between EEG and MEG and the amplitudes of the f 0 response and N1 responses in EEG and MEG to estimate the magnitude of the cortical contribution to the EEG signal. Fig. 2A shows group mean pure-tone thresholds at the audiometric frequencies. One way ANOVA revealed a main effect of 'age group' (F(2,37) ¼ 16.3, p < 0.0001). Group mean pure tone average (PTA) hearing thresholds across all test frequencies was 3.6 dB nHL in the young, 9.2 dB nHL in the middle-aged, and 13.6 dB nHL in the older group. The PTA increase between young and middle-aged participants was significant (t(25) ¼ 3.43, p < 0.0025) as well as the difference between middle-aged and older participants (t(26) ¼ 2.31, p < 0.03). Despite elevated PTA in older adults, the stimuli were audible to all participants because the acoustic content of the signals fell within the frequency spectrum of normal hearing.
Results

Behavioural tests
PTA was significantly correlated with age when taking 'age' as a continuous variable (r 2 ¼ 0.53, F(38,1) ¼ 41.4, p < 0.0001; Fig. 2B ). Also the scores of the Cattell Culture Fair test (CFIT) were correlated with age Fig. 2 . Behavioural measures, A: Group mean audiograms for young, middle-aged, and older participants, averaged across the left and right ear. The error bars denote the 95% confidence limits of the group means. B: Correlation between pure tone average (PTA) hearing threshold and age. C: Correlation between the scores of the Cattell Culture Fair test (CFIT) and the age. D: Correlation between the CFIT scores and PTA hearing threshold.
(r 2 ¼ 0.45, F(38,1) ¼ 30.3, p < 0.0001; Fig. 2C ), and the CFIT scores were correlated with PTA (r 2 ¼ 0.41, F(38,1) ¼ 25.2, p < 0.0001; Fig. 2D ). The association between age and the CFIT scores agrees closely with a previous report (Raz et al., 1990) .
EEG and MEG topographic maps
The data were first analyzed in the sensor domain of electrode voltages in EEG and the magnetic field strength at the sensor coils in MEG. The first principal component in EEG explained 68% of the variance in the grand averaged data; each further component accounted for less than 9% of the variance. The topographic maps of EEG and MEG provided an overview of the f 0 response (Fig. 3) . The EEG map showed maximal activity at the midline frontal-central electrode FCz and maxima of opposite polarity at left and right temporal-parietal electrodes TP9 and TP10, while the MEG field map showed bilateral dipolar pattern above temporal areas. Both topographic maps are consistent with underlying dipole sources in bilateral temporal lobes.
Dipole source locations
MEG dipole sources of the individual N1 responses served as localizer for the auditory cortex. The source locations were estimated within a head based coordinate system and then transformed into Talairach coordinates and had been reported previously (Ross et al., 2013) . The 95% confidence intervals for the group mean coordinates were less than 6 mm in x, less than 5 mm in y and less than 6 mm in the z-direction. Differences between the age groups were not significant. The individual N1 source coordinates served as models for calculating single trial source waveforms of cortical activity.
Time-frequency representation
A time-frequency map of the phase coherence in the right auditory cortex, grand averaged across all participants, illustrates prominent oscillations in the gamma frequency range (Fig. 4B ). The stimulus onset and offset elicited short bursts of transient gamma responses in the 40-Hz range. A long-lasting burst of oscillations in the 100 Hz-140 Hz frequency range followed the contour of the vowel pitch. Same wavelet transform was applied to the time series of the speech sound (Fig. 4A ).
The comparison between the time-frequency maps of stimulus and response suggests a faithful representation of the f 0 contour at the auditory cortex.
Time series and response latencies
The gradual change of the f 0 frequency over time allowed for estimating the time delay between stimulus and cortical response. For a steady f 0 frequency, the latency estimation would have been ambiguous by multiples of the f 0 period on the order of 10 ms. Fig. 5A shows the MEG f 0 waveform and Fig. 5B an overlay on the grand averaged f 0 response. Only at a time delay of about 20 ms, the phases of stimulus and response matched perfectly. Cross-correlation between the response and the stimulus estimated the time delay. Fig. 5C shows that the maximum in the cross-correlation appeared at a lag of 20.1 ms compared to the Fig. 3 . Time series and spatial maps of the evoked gamma band responses in the 90 Hz-150 Hz frequency range resulting from singular-value decompositions of simultaneously recorded EEG and MEG. The data were grand averaged across participants and repeated sessions. A: The topographic map of the EEG shows a maximum at electrode FCz and polarity reversals bilaterally at TP9 and TP10. B: The MEG map shows dipolar patterns above bilateral temporal areas. The arrows indicate the orientation of suggested equivalent current dipoles. The colour scales indicate the relative contribution of EEG electrodes or MEG sensors to the first principal component. C: EEG voltage measured between electrode FCz and the mean of TP9 and TP10. D: Magnetic field strength at the maximally responding MEG sensor MRT32 above the right hemisphere. maximum of the autocorrelation function of the stimulus at zero lag. Cross-correlations between stimulus and responses were calculated for all individuals. The range of observed latencies was between 12.5 ms and 26.7 ms, 2nd and 3rd quartile of observed latencies was between 16.6 ms and 22.7 ms, and the group mean 20.1 ms, with 95% confidence limits for the mean of AE1.2 ms (Fig. 5D ). The slightly longer latency in older age (r 2 ¼ 0.06, F(1,38) ¼ 2.2, p ¼ 0.15) did not reach significance.
The temporal relations between the f 0 response and transient responses are shown in Fig. 5E -G. High gamma onset and offset responses were obtained with bandpass filtering between 64 Hz and 90 Hz. Filtering between 30 Hz and 44 Hz emphasized the transient 40-Hz responses. A 28-Hz low pass filter applied to the averaged source activity revealed the P1-N1-P2 waves of the auditory evoked response. band. Source analysis was based on phase coherence at each voxel, and the resulting measure of source strength was normalized across the brain volume. Nonparametric permutation (n ¼ 500) revealed a maximum value of 0.023, and source activity above the threshold of 0.03 is shown in Fig. 6 . Three local maxima were identified in bilateral superior temporal gyri and the midbrain. The coordinates for the temporal sources were [52 mm (left-right), 19 mm (posterior-anterior), 12 mm (inferiorsuperior)] in the left hemisphere and [-49 mm, 21 mm, 4 mm] in the right hemisphere. The beamformer sources corresponded to dipole localizations in left [54.9 mm, 23.4 mm, 8.9 mm] and right [-54.3 mm, 27 .8 mm, 7.8 mm] auditory cortex. The Euclidian distances between dipole source estimates and the maximum of beamformer activation were 6 mm in the left hemisphere and 9 mm in the right hemisphere. The centre of the midbrain source at [2 mm, 16 mm, À2 mm] overlaid with the inferior colliculus area of the template brain (Fig. 6D) . The time courses of the first principal component provide a global summary of source phase coherence (Fig. 6E ). Time courses of phase coherence in auditory cortex and mid-brain sources are shown in Fig. 6F -H. Spatial maps centred at the maximum of midbrain activity. C: Right hemispheric maps. The colour bar shows that the threshold for the volumetric maps was chosen at 0.03, above the maximum of 0.023, found in a permutation test across the whole brain volume. D: Enlarged axial slice through the peak of midbrain activity. E: Time course of the first principal component. F: Time course of activity in the left auditory cortex area, G: at the midbrain, and H: at the right auditory cortex. The horizontal red lines indicate the alpha ¼ 0.01 significance level for the phase coherence.
Beamformer source analysis
Effect of age on the response amplitudes
The strength of the f 0 response in MEG increased with age, which became visible in the group mean waveforms of the real part of the phase coherence (Fig. 7A ). Group differences were largest in the latency range of the steady-state response between 100 ms and 200 ms. The bar graphs of group mean phase coherence for middle-aged and older participants did not overlap with the 95% confidence interval for the group mean in young participants (Fig. 7B) , and this was also the case for the amplitude measure (Fig. 7C ). Individual f 0 phase coherence measures were correlated with the participant's age (Fig. 7D) . A dashed line indicates the significance level at α ¼ 0.05. Only a single case did not reach the significance level. A linear correlation between f 0 phase coherence and age was found (r 2 ¼ 0.108, F(1,38) ¼ 4.49, p ¼ 0.041). Similarly, individual phase coherence measures for the transient 40-Hz response were related to the participant's age (Fig. 7E, r 
Finally, Fig. 7F illustrates a correlation between the f 0 response and the transient 40 Hz response (r 2 ¼ 0.123, F(1,38) ¼ 5.18, p ¼ 0.029).
While the transient 40-Hz response was correlated with the hearing threshold (r 2 ¼ 0.139, F(1,38) ¼ 5.96, p ¼ 0.020), such correlation was not found for the f 0 response (r 2 ¼ 0.05, F(1,38) ¼ 1.82 p ¼ 0.19). Also, no correlations were found between cognitive function and 40-Hz responses (r 2 ¼ 0.06, F(1,38) ¼ 2.54, p ¼ 0.12) or the f 0 responses (r 2 ¼ 0.01, F(1,38) ¼ 0.4, p ¼ 0.54).
Effects of age were different in EEG and MEG. Transient 40-Hz responses in EEG were positively correlated with age (r 2 ¼ 0.13, F(1,116) ¼ 19.0, p < 0.0001, Fig. 8A ). The EEG responses were strongly correlated with the 40-Hz MEG responses (r 2 ¼ 0.59, F(1,116) ¼ 165, p < 0.0001, Fig. 8B ), the slope of the regression line was 0.74 indicating smaller phase coherence measures for the 40-Hz responses in EEG than in MEG (t(116) ¼ 7.11, p < 0.0001). In contrast to the 40-Hz response, the EEG f 0 -amplitude was not correlated with age (r 2 ¼ 0.002, Fig. 8C ). However, f 0 responses in EEG and MEG were correlated (r 2 ¼ 0.18, F(1,116) ¼ 24.7, p < 0.0001, Fig. 8D ). The slope of the regression line was 0.25. One-way analysis of variance revealed an interaction between MEG responses and the type of responses (F(1,238) ¼ 18.2, p < 0.0001), indicating that the regression slopes for the EEG versus MEG phase coherences were different for the 40-Hz and f 0 responses. Thus, EEG and MEG responses were more similar at 40 Hz than in the f 0 frequency range, suggesting a single cortical source underlying the 40-Hz EEG and MEG response, while multiple sources contribute differently to the f 0 EEG and MEG signals. Specifically, effects of age became evident for the cortical sources.
Hemispheric laterality
Hemispheric asymmetries were specific for the cortical sources, and thus, response laterality could contribute to the distinction between cortical and subcortical sources. The MEG dipole source amplitudes of the f 0 -responses were in average 72% larger in the right hemisphere than left (t(38) ¼ 3.77, p ¼ 0.0006). The laterality index, defined as LI¼(R-L)/ (R þ L), was 0.265 with the 95% confidence interval of CI 95 ¼ [0.157, 0.365]. Similarly, the laterality index based on the beamformer source phase coherence was 0.245 (CI 95 ¼ [0.113, 0.380] ). The right laterality of auditory cortex source activity was consistent with already larger f 0 amplitude in the sensor domain (Fig. 3) . The laterality index, calculated from maximally responding sensors above right and left hemispheres was 0.259 (CI 95 ¼ [0.146, 0.382] 
Contribution of the auditory cortex to the f 0 response in EEG
We assumed that the f 0 responses, recorded with EEG, consist of contributions from subcortical and cortical sources, while the transient 40-Hz and the low-frequency P1-N1-P2 responses have a cortical origin. Moreover, we assume that we estimate the cortical contribution to the f 0 response with MEG source analysis. Comparisons between the MEG and EEG responses were thought to approximate the cortical contribution to the f 0 response in EEG. Fig. 9 shows the time series of auditory cortex activity, averaged across participants and left and right hemispheres. The amplitudes were normalized relative to the peak amplitude of the transient 40-Hz response. The EEG responses were measured between electrode Cz and the mean of TP9 and TP10 and again normalized to the 40-Hz response. The low-frequency P1-N1-P2 responses were scaled by the factor of 0.1 for visualization. Fig. 9 shows that normalizing MEG and EEG responses to the 40-Hz amplitude also resulted in the same size as the N1 peak. The P2 amplitude in MEG was smaller, because of the choice of the N1 source location (Ross and Tremblay, 2009) . In MEG, the mean of f 0 amplitude across the latency interval between 70 ms and 170 ms was 0.27 nAm or 37.8% of the 40-Hz amplitude. In EEG, the f 0 amplitude was 0.226 μV or 129% of the 40-Hz response. Thus the normalized f 0 amplitude in MEG was about 1/3 the size of the EEG amplitude, suggesting that 1/3 of the scalp-recorded f 0 response was of cortical origin and 2/3 of subcortical origin. Cross-correlation between the f 0 -responses in EEG and MEG revealed a 4.0 ms shorter latency for the EEG signal.
Discussion
MEG source analysis revealed high-frequency neural oscillations in the auditory cortices consistent with previous research (Fig. 6) . The time course of cortical activity was phase-locked to the f 0 -contour of a consonant-vowel syllable stimulus. Simultaneously, the sound onsets elicited short bursts of 40-Hz gamma oscillations (Fig. 5) . The comparison between recording modalities of the gamma oscillations showed that the f 0 and the 40-Hz responses were differently represented in MEG and EEG. Both MEG oscillations were lateralized toward the right hemisphere, and both increased in older age, while the EEG showed the effects of laterality and age for the 40-Hz response only. Comparison of the amplitude ratios between f 0 -response and the N1 response in EEG and MEG provided an estimate of the contribution of the cortex to the f 0 response in EEG (Fig. 9) .
Cortical origin of high-frequency oscillations
Several EEG and MEG studies have revealed cortical responses specific to pitch processing. For example, larger sustained MEG responses to click-train stimuli have been interpreted as higher sensitivity of the auditory cortex for periodic over aperiodic sounds (Gutschalk et al., 2002) . Periodicity specific responses have also been found for periodic noise (Keceli et al., 2012) , and synthesized steady vowel sounds (Yrttiaho et al., 2008) . A vowel specific source configuration of the auditory evoked N1 responses with 100 ms latency has been shown in the auditory cortex (Diesch et al., 1996) . However, the N1 response itself is a general change response, and its amplitude is independent of f 0 variation (Poeppel et al., 1997) . Also, stimulus-evoked onset responses like the N1 unlikely encode the time course of the f 0 contour because the temporal integration window for the N1 is too short.
Two coexisting types of high gamma oscillations have been identified in the human auditory cortex with intra-cranial recordings, using a regular-interval noise stimulus (Griffiths et al., 2010) . Autocorrelation revealed stimulus phase-locked oscillations at the pitch frequencies of 128 Hz and 256 Hz, and time-frequency analysis showed widespread power increase in the 80 Hz-200 Hz range. Using the same stimuli, a MEG study (Sedley et al., 2012) demonstrated with beamformer source analysis a spectral power increase at high gamma frequencies around 100 Hz in bilateral auditory cortices and a midbrain source. A recent study by Coffey et al. (2016) showed that oscillation at 98 Hz in the MEG sensor signal was phase locked to the steady f 0 oscillation of the vowel of a syllable /da/ stimulus. However, only the spectral power was analyzed with minimum norm source analysis. Using the virtual electrode approach, the current study advances this line of research by demonstrating stimulus phase-locked oscillations in cortical sources using two different source analysis approaches, dipole modelling and beamformer analysis.
Neural mechanisms
The f 0 component of the FFR faithfully represents the pitch of voice and is therefore assumed to be relevant for pitch processing. However, further processing in the cerebral cortex is required for the interpretation of f 0 and its temporal dynamics, i.e., the perception of the vocal pitch (Griffiths, 2003; Schneider et al., 2005) . The significance of a faithful representation of the pitch fine-structure at the level of the auditory cortex has been debated, given that cortical neurons discharge at rates not faster than 20 Hz (Lu et al., 2001) . Thus, the temporal fine structure of sound seems to be analyzed at the brainstem level. However, it is unlikely that during phylogenesis, the sub-cortical auditory system developed a sensitivity for human speech (Eggermont, 2001) . Human speech shares basic acoustic features such as steady-state harmonic sounds, frequency modulation, and noise bursts with non-speech sound such as animal calls (Fitch et al., 1997) , which are already processed at the brainstem level. While processing of speech sound relies on the brainstem, it requires an additional cortical code, representing the acoustic features. Intracranial recordings of local field potentials, as well as MEG and EEG, are dominated by postsynaptic activity and represent the cortical input. Therefore, those high-frequency oscillations at the cortical level may reflect more detailed speech representations and have been observed only recently. Elhilali et al. (2004) showed that the sound fine-structure up to several hundred Hz precisely controls the spike timing of A1 neurons. The role of high gamma oscillation for precise neural timing is in line with current opinions about gamma oscillations. Thus, the simultaneously recorded 40-Hz and f 0 responses may be components of a highly interconnected system of gamma oscillations. Indeed we found two common characteristics; both responses were right lateralized, and the amplitudes of both responses increased with aging.
Recording of auditory cortex activity in guinea pigs showed that simultaneously, the envelope of multi-unit activity coincided with the envelope of speech sound, whereas phase-locked discharges encoded the pitch of the speech sound (Abrams et al., 2017) . Human intracranial recordings showed reliable phase-locking to click train stimuli up to 200 Hz (Brugge et al., 2009) . A faithful temporal representation of the f 0 of animal calls was shown up to 250 Hz in guinea pigs (Wallace et al., 2002) . Common to those findings is that the periodicity had been observed in multi-unit recordings. This means that neurons were firing precisely at the stimulus phase; however, individual firing rates may be substantially smaller. Thus, the observation of high-frequency phase-locking in the auditory cortex is not conflicting with limited firing rates of cortical neurons. The findings of high-frequency multi-unit phase-locking may, therefore, emphasize the role of high-frequency oscillations for the precise timing of the neural firing.
Source analysis
We recorded the f 0 responses simultaneously with EEG and MEG. Several differences between the EEG and MEG signals help to dissociate contributions from the midbrain and cortical sources. While the neural origin of the FFRs in the brainstem (Chandrasekaran and Kraus, 2010) has been well documented, MEG source analysis of the f 0 response has suggested a cortical contribution (Coffey et al., 2016) . Previous dipole source modelling concluded a brainstem origin of responses in the high gamma range. However, dipole modelling typically requires some constraint of the solution space and thus may focus on a specific region of interest. For example, modelling the sources of 88-Hz auditory steady-state responses, Herdman et al. (2002) placed first a dipole at a midbrain location, fit the orientation, and finally modelled the residual field with bilateral dipoles in temporal cortices. Such an approach may have affected the estimates of quantitative contribution from the different sources. Especially the topography of wave V of the click-evoked brainstem response shows a vertex maximum (Grandori, 1986) , similar to the cortical auditory evoked response as well as the vowel evoked f 0 response (Bidelman, 2015) . Such scalp potential distribution could be explained with a single midbrain dipole or two temporal dipoles. Bidelman Bidelman (2015) modelled the f 0 response entirely with midbrain sources and suggested that a cortical contribution above 100 Hz would be unlikely because of cortical neurons fire at a lower rate. Further EEG source analysis emphasized the predominant contribution of midbrain sources to the FFR (Bidelman, 2018) . A previous MEG study (Coffey et al., 2016) and our current study, using a different source analysis approach, provide converging evidence for a cortical contribution of the f 0 response to the EEG recorded FFR. The studies of cortical and subcortical contributions to the extracranial recorded FFR are complementary rather than contradicting each other.
We did not perform a dipole approximation to the f 0 response to avoid possible interaction between subcortical and cortical sources. Instead, informed by almost identical magnetic field topographies (Fig. 3) , we used dipole approximations to the N1 response as models for the auditory cortices. However, the model-free beamformer source analysis revealed separated sources in bilateral auditory areas and a mid-brain location (Fig. 6 ). Our source analysis corroborates previous findings of cortical origin of the f 0 response, obtained with different source analysis methods (Coffey et al., 2016; Griffiths et al., 2010; Sedley et al., 2012) . One remaining question is about the quantitative relation between brainstem and cortex contributions to the EEG response.
Cortical contribution to the f 0 component of the FFR
Regression analysis of EEG responses versus MEG responses showed that the 40-Hz responses were more similar in both modalities than the f 0 response, suggesting a single common 40-Hz source and different source configurations for the f 0 response (Fig. 8) . While the cortical origin of the 40-Hz response is not disputed, we assume brainstem and cortical sources for the f 0 response. An increased 40-Hz amplitude with aging was found in EEG similar as in MEG, suggesting that both recording techniques are sensitive for the effects of age on the cortical gamma response. The EEG f 0 response was not significantly correlated with age ( Fig. 8C) , which was contrasted by the increase in the MEG f 0 response in older age (Fig. 7D) . Under the assumption that the age-related gamma increase is specific to cortical responses, the contrast between EEG and MEG recording may be taken as the first evidence that cortical sources contribute only partially to the EEG signal. A supporting finding is that the 40-Hz ASSR to FM stimuli increased in aging. However, the 40-Hz amplitude was not correlated with the brainstem responses (Boettcher et al., 2002) . Smaller brainstem responses, found in older compared to young listeners, could be explained with aging-related high-frequency hearing, while the f 0 component of the FFR was not significantly different (Vander Werff and Burns, 2011) .
Right hemispheric laterality was observed in the 40-Hz response in EEG and MEG, while the f 0 response was lateralized in the MEG but not in the EEG. The right laterality may be specific for the auditory cortex response. We assume that this asymmetry was not significant in the EEG signal because of a predominant contribution from brainstem sources.
Finally, we compared the signal strength of the f 0 responses in EEG and MEG with simultaneously recorded cortical responses. The ratio between the f 0 response and the N1 amplitude in EEG was about three times larger than in MEG. The brain responses undergo some transformation between midbrain and cortical sources, at least some conduction delay is involved. Thus, we cannot conclude an exact amplitude ratio from an additive model. However, our rough estimate of 1/3 cortical contribution and 2/3 brainstem contribution to the EEG recorded f 0 response may serve as a starting point for further studies.
Right laterality
We found right hemispheric dominance consistently in three MEG measures, the magnetic field amplitudes at sensor domain, source strength of auditory cortex dipoles, and beamformer source activity in auditory cortices. Especially the latter finding demonstrates the reliability of beamformer source analysis of bilateral auditory cortex activity, which is a major concern because one assumption underlying the beamformer algorithm is that sources are uncorrelated (Hillebrand and Barnes, 2005) . Our findings corroborate right hemispheric laterality of the f 0 response found with minimum norm source analysis (Coffey et al., 2016) , confirming that both types of MEG source analysis are useful. The observed laterality indices are also consistent with our earlier study of the laterality of 40-Hz auditory steady-state responses to amplitude modulated tones (Ross et al., 2005) . The specialization of the right auditory cortex for pitch processing has been shown in lesion (Robin et al., 1990) and neuroimaging studies (Zatorre, 2001) . In contrast, left-lateralized responses to vowel stimuli have been found in MEG at longer latencies of the N1 response (Poeppel et al., 1996) , the mismatch negativity (Hertrich et al., 2002) , and late negativity at 600 ms (Eulitz et al., 1995) . Thus, both the f 0 response and the transient 40-Hz gamma response seem to be involved in early auditory processing.
Aging
Pitch perception based on periodicity encoding declines in older listeners (Russo et al., 2012) , which has been explained with changes in temporal processing (Schneider and Pichora-Fuller, 2001 ) and impaired phase-locking of neural firing (Anderson et al., 2012) . For example, older listeners required larger pitch variation for categorization of the pitch contour in the Chinese even though hearing in the range of f 0 was not largely different from young listeners (Wang et al., 2017b) . Given the perceptual changes that come with aging, one could expect a decrease in the amplitudes of functionally relevant brain responses.
Participants in our study showed elevated hearing thresholds with increasing age, lower performance on a test of cognition, and a strong correlation between cognition and hearing thresholds. Both the f 0 response and 40-Hz responses increased with advancing age, and listeners with larger f 0 responses also showed larger 40-Hz responses. However, only the 40-Hz oscillations but not the f 0 responses were correlated with the hearing threshold. The f 0 and 40-Hz responses were not associated with cognitive abilities. These findings suggest that the cortical f 0 and 40-Hz responses play a role at the level of perception beyond sensory processing but below cognition.
In previous EEG studies, amplitudes of middle latency responses (MLR), closely related to the transient 40-Hz responses, increased with age (Amenedo and Díaz, 1998; Azumi et al., 1995; Chambers and Griffiths, 1991; Woods and Clayworth, 1986 ). An increased MLR is often paralleled by an increase in the cortical P1. Age-related increase in P1m amplitude was found in prior MEG studies (Kovacevic et al., 2005; Pekkonen et al., 1995; Ross and Tremblay, 2009 ) and may reflect older adults' reduced ability to suppress or adapt to task-irrelevant information, which has been related to deficits in inhibitory control mediated by prefrontal regions (Alain and Woods, 1999; Chao and Knight, 1997; West, 1996) . Empirical support for this proposal includes studies in humans that show increased amplitudes of MLR following lesions to the dorsolateral prefrontal cortex (Alho et al., 1994; Knight et al., 1989) . The increased MLR and P1m amplitudes may also reflect age-related changes in the ascending auditory system. For example, animal studies have shown that aging impairs inhibitory processes in the dorsal cochlear nucleus (Caspary et al., 2005) .
The functional significance of increased cortical responses in older age is not well understood. In a combined EEG and MEG study of speechrelated brain activity (Presacco et al., 2016) , FFRs to steady vowel sounds were smaller in older than young listeners, indicating a decline in temporal processing acuity in the midbrain in aging. However, cortical responses to the speech envelope were larger and adapted not as well to noise in older than in young adults. The over-representation of cortical responses was interpreted as a failure to distinguish between relevant and irrelevant information during listening to speech in noise (Presacco et al., 2016) . In addition to the effect of age, auditory evoked cortical responses in MEG were more prominent in older adults with mild hearing loss and in the presence of a moderate noise level , which was interpreted in relation to a loss of inhibition in older age (Alain and Woods, 1999; Chao and Knight, 1997) . However, the response amplitudes in the current study were not correlated with hearing status, even though hearing thresholds increased with age.
There is evidence to suggest that aging interacts with changes in neurotransmitter configurations in the auditory system (Caspary et al., 2008) , which may explain changes in the amplitudes of brain oscillations over the lifespan. For example, an increase in the GABA concentration and decrease in glutamate has been found in the human auditory cortex in older compared to young adults (Profant et al., 2013) , which would predict an increase in gamma activity. However, aging seems to affect areas of the central auditory system differently. A decrease in glutamate decarboxylase (GAD), which is the key enzyme in the synthesis of GABA, was found mainly in the inferior colliculus in the rodents, using the western blot technique (Burianova et al., 2009) . The latter finding is in line with a reduced number of GABA cells and GABA synapses and reduced GAD level in the inferior colliculus in older rodents compared to young (Caspary et al., 1995) . These findings are commonly discussed as resulting in less efficient neural communication because of less precisely timed neural firing, which seems specifically important for auditory processing.
An alternative explanation for the increase in gamma oscillation could be that older listeners paid more effort on listening, and hence auditory cortices were more engaged in processing the stimuli. We analyzed beta event-related desynchronization (ERD) and found an ERD increase with age, suggesting more listening effort (see supplementary material). However, beta ERD was not correlated with the MEG f 0 response. Also, pharmacological interventions modulated the amplitudes of gamma oscillation. Amplitudes of transient auditory 40-Hz responses increased after administering scopolamine hydrobromide in healthy older adults (Ahveninen et al., 2002) . Administering a GABA antagonist suppressed the transient 40-Hz response (J€ a€ askel€ ainen et al., 1999) .
When looking at age-related disorders, spontaneous gamma activity was enhanced in patients with Alzheimer's disease (Wang et al., 2017) . Auditory 40-Hz steady-state responses were larger in AD patients compared to healthy controls (Osipova et al., 2006; van Deursen et al., 2011) . Likely, such changes could be attributed to the efficacy of GABAergic inhibitory interneurons, involved in the generation of gamma oscillations.
Relevance for the discussion about neuroplastic changes
Neuroplastic changes in the f 0 component of the EEG recorded FFRs have been reported. For example, larger f 0 responses in musicians compared to non-musicians allowed tracking the pitch contour in the f 0 response in musicians (Wong et al., 2007 ). The f 0 amplitude was larger in musicians and was correlated with categorical vowel perception (Bidelman and Alain, 2015) . Listening training improved speech-in-noise understanding and enhanced the f 0 amplitude (Song et al., 2012) . Neuroplastic changes in the f 0 response have been attributed to the brainstem in those studies. However, future work is required to test whether neuroplastic changes take place in the cortex, the brainstem, or in both through reciprocal interactions.
Conclusions
Using MEG source analyses, we demonstrated a phase-locked representation of the time series of f 0 in auditory cortices. Simultaneously recorded transient 40-Hz responses shared the characteristics of right hemispheric asymmetry and aging-related amplitude increase with the f 0 response. Both, the 40-Hz response and the f 0 response in the 100 Hz-140 Hz range may be part of a system of gamma oscillations at the auditory cortex input level that controls precise neural timing. While hemispheric laterality and effect of aging in the 40-Hz response were also evident in the simultaneously recorded EEG responses, those characteristics were not significant for the f 0 EEG response, suggesting only a partial contribution of cortical sources to the EEG response.
